21-cm Fluctuations from Charged Dark Matter by Muñoz, Julian B. et al.
21-cm Fluctuations from Charged Dark Matter
Julian B. Mun˜oz∗ and Cora Dvorkin†
Department of Physics, Harvard University, 17 Oxford St., Cambridge, MA 02138
Abraham Loeb‡
Astronomy Department, Harvard University, 60 Garden St., Cambridge, MA 02138
(Dated: September 5, 2018)
The epoch of the formation of the first stars, known as the cosmic dawn, has emerged as a new
arena in the search for dark matter. In particular, the first claimed 21-cm detection exhibits a
deeper global absorption feature than expected, which could be caused by a low baryonic tempera-
ture, and has been interpreted as a sign for electromagnetic interactions between baryons and dark
matter. This hypothesis has a striking prediction: large temperature anisotropies sourced by the
velocity-dependent cooling of the baryons. However, in order to remain consistent with the rest of
cosmological observations, only part of the dark matter is allowed to be charged, and thus interac-
tive. Here we compute, for the first time, the 21-cm fluctuations caused by a charged subcomponent
of the dark matter, including both the pre- and post-recombination evolution of all fluids. We
find that, for the same parameters that can explain the anomalous 21-cm absorption signal, any
percent-level fraction of charged dark matter would source novel 21-cm fluctuations with a unique
acoustic spectrum, and with an amplitude above any other known effects. These fluctuations are
uncorrelated with the usual adiabatic anisotropies, and would be observable at high significance
with interferometers such as LOFAR and HERA, thus providing a novel probe of dark matter at
cosmic dawn.
The cosmic dawn—the period of the first stellar forma-
tion [1]—provides one of the most extreme environments
in our Universe, as it is the era with the slowest dark
matter-baryon relative motion. This epoch is, thus, ideal
to search for interactions mediated by nearly massless
fields [2–4]. This possibility has received recent inter-
est, as the EDGES collaboration reported a global-signal
measurement of 21-cm absorption at z = 17 which is a
factor of two deeper than expected [5], and would arise
naturally if the baryons had a lower temperature than in
the standard cosmological model. In Ref. [6] it was shown
that the necessary baryonic cooling can be explained if a
fraction of the dark matter (DM) is electrically charged,
which partially thermalizes with baryons during the cos-
mic dawn. In this Letter we will calculate the unique
signature of a charged subcomponent of the dark matter
in the 21-cm fluctuations.
In addition to baryonic cooling, the cosmic dawn is
an excellent probe of energy injection [7–12] and of low-
frequency spectral distortions of the cosmic microwave
background (CMB), the latter of which has been pro-
posed as a possible explanation of the EDGES signal [13–
16]. In contrast to this mechanism, interactions between
charged DM and baryons predict a new kind of temper-
ature fluctuations, sourced by the velocity modulation of
the baryonic cooling, as opposed to the usual adiabatic
anisotropies [3]. Therefore, in addition to potentially
confirming the anomalous EDGES detection, measure-
ments of the 21-cm power spectrum will be able to shed
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light on the properties of dark matter.
In the global-signal analysis of Ref. [6], reducing the
abundance of charged particles (χ), by lowering the frac-
tion fdm of the total DM they constitute, could be com-
pensated by increasing their charge. However, this re-
duces the effect of velocities on the baryonic cooling in
two ways. First, for small fdm the χ fluid can, through
interactions with baryons, acquire a thermal sound speed
that dominates over the χ-baryon (χ-b) bulk relative ve-
locity [6]. Second, the χ-b velocity can be damped be-
fore it is frozen at the end of recombination. Thus, a
joint measurement of the global 21-cm temperature, and
its fluctuations, can break the apparent degeneracy be-
tween the abundance of χ particles and their charge [6],
and be complementary to CMB searches for interactive
DM [17–20].
In the standard cosmological model with pure cold
dark matter (cdm), only baryons are affected by radia-
tion pressure until recombination. This sources a relative
velocity between them and the DM [21], which has a root
mean square (rms) value of vcdmrms ≈ 29 km s−1 at kine-
matic decoupling (redshift zkin ≈ 1010), after which it
redshifts like (1 + z), as baryons start falling into the
dark-matter gravitational potential. The shape of its
power spectrum shows strong acoustic oscillations, as it
is sourced by baryon-photon interactions.
However, the χ fluid is not inert, so fluctuations on
the χ-b velocity might be damped prior to zkin, as both
fluids couple kinematically. To account for this effect, we
solve the fluid equations of the χ, baryon, and cdm flu-
ids, where the charged dark matter composes a fraction
fdm of the total dark matter (d) and the rest is neutral
cdm. We use a modified version of the publicly available
code CAMB [22] that includes scattering of baryons with
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2a subcomponent of the DM [17, 18], which allows us to
consistently calculate the fluctuations in the χ-b relative
velocity accounting for their interactions. Throughout
this work we will adopt fiducial cosmological parameters
consistent with Ref. [23], of (physical) baryon and total-
DM densities ωb = 0.022 and ωd = 0.12, and h = 0.67.
We compute the χ-b relative velocity as
vχb = − 1
ik
H(z)
d
dz
(δb − δχ), (1)
at zkin, where H is the Hubble parameter, and δb(χ) is the
baryon (χ) overdensity, and define its power spectrum Pv
through
〈vχb(k)vχb(k′)〉 = (2pi)3δD(k+ k′)Pv(k), (2)
and its amplitude of fluctuations as ∆2v(k) =
k3Pv(k)/(2pi
2). We show this quantity in Fig. 1 for differ-
ent values of fdm and charge, where the latter is increased
for decreasing fdm, so as to explain the anomalous 21-cm
depth as in Ref. [6] (see also [24–26]), by the approximate
relation
 = 6× 10−7
( mχ
MeV
)( fdm
10−2
)−3/4
, (3)
valid for fractions fdm . 0.1. Here mχ is the charged-DM
mass, which we can set to any value mχ  6 fdmGeV
without loss of generality, and the minicharge  is in
units of the electron charge. We ignore the effect of
heating by absorption of CMB photons [27], as it only
changes the necessary charges at the ∼ 10% level and
does not induce any important 21-cm fluctuations. This
Figure shows how reducing the fraction fdm of charged
dark matter (increasing its charge), results in a damped
relative-velocity power spectrum with baryons, as the two
fluids couple. We find that for fdm & 0.03 there is no
significant damping relative to the noninteracting case,
whereas for fdm . 10−3 there is essentially no χ-b rel-
ative velocity, as these two fluids are kinematically cou-
pled. Values in between see a significant reduction of the
rms velocity, which we calculate as
vrms ≡
[∫
d3k
(2pi)3
Pv(k)
]1/2
≈
[
0.6 + 0.3 log
(
fdm
10−2
)]
vcdmrms ,
(4)
where the last approximation is a fit valid for 10−3 .
fdm . 0.03. We will assume that the resulting probabil-
ity distribution function (PDF) P for each component of
the χ-b relative velocity remains Gaussian, and thus in
all cases P(vχb) is given by a Maxwell-Boltzmann distri-
bution, with rms velocity vrms. For the rest of this work
we will focus on values of the charge given by Eq. (3), al-
though we note that higher charges can still explain the
enhanced 21-cm absorption, while producing additional
damping of the χ-b velocity prior to recombination.
We will ignore interactions between χ particles and the
rest of the DM, since thermalization of those two fluids
would require self-interaction rates orders of magnitude
above contemporary limits for heavy mediators [28], or
at the edge of current constraints for light mediators [29].
Additionally, we note that a small fraction of the DM is
allowed to interact (and even equilibrate) with baryons at
recombination, as long as the apparent increase in ωb is
within observational limits. This constraint corresponds
to fdm < 0.6% [30, 31] for fully coupled fluids, although
for the charges in Eq. (3) it would be less strict.
fdm
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FIG. 1: Amplitude of fluctuations of the χ-baryon rel-
ative velocity, as a function of comoving wavenumber k.
In black we show the result without interactions, and in
color scale from red to yellow we show smaller fractions
fdm of charged dark matter, with increasing charges given
by the Eq. (3). To guide the eye, the green-dashed line
shows the fdm = 0.01 case.
We now simultaneously solve for the post-
recombination evolution of the χ and baryonic
temperatures, their relative velocity, and the free-
electron fraction. The inclusion of χ-b relative velocities
has two main effects. First, it provides a reservoir
of kinetic energy, which interactions can convert into
thermal energy. However, for the χ mass range we are
interested in, this effect is subdominant. Second, the
overall velocity modulates the interaction rate, as the
cross section is strongly dependent on velocities. We
follow the method described in Ref. [3] (see also [32, 33]),
with the modifications due to charged DM included in
Ref. [6].
The (baryonic) gas temperature Tg at high redshifts is
only observable through its effect on the 21-cm brightness
temperature T21, which can be written as [34, 35]
T21 = 36 mKxHI
(
1 + z
18
)1/2(
1− Tcmb
TS
)
, (5)
where xHI is the atomic-hydrogen fraction (which we will
set to unity), and TS and Tcmb are the spin and CMB
temperatures, respectively. For the sake of simplicity,
we will assume saturated Lyman-α coupling (TS = Tg),
3and no X-ray heating. These two factors would change
dramatically both at low redshifts, where X-rays would
heat up the gas, and at high reshifts, where Lyman-α
coupling is not fully efficient. Thus, we will focus on the
redshift range 17 < z < 20, corresponding to the EDGES
data [5]. We note, however, that our 21-cm fluctuations
δ
(this work)
T21
≡ δT21/T21 can be rescaled to any subsatu-
rated Lyman-α case simply as [35]
δ
(new)
T21
=
(
T
(this work)
g − Tcmb
T
(new)
S − Tcmb
)
δ
(this work)
T21
, (6)
where T
(new)
S is the new spin temperature, and
T
(this work)
g = 4 K at z = 17, scaling roughly as (1 + z)2,
and we have ignored Lyman-α fluctuations, as these are
uncorrelated with the relative velocity. This would not be
the case once X-ray heating starts to dominate, although
of course any 21-cm fluctuations induced by cooling of
the baryons would be quickly washed away as soon as
heating is important.
We are only computing the 21-cm fluctuations induced
by the velocity-dependent cooling of the baryons, as those
are a unique signature of charged DM. Nonetheless, these
fluctuations are uncorrelated with density perturbations
to first order [36], as they trace v2χ,b, so one can linearly
add the 21-cm power spectrum we calculate to that orig-
inating from usual anisotropies (which can be found, for
instance, with the publicly available code 21cmFAST [37]),
to find the total 21-cm power spectrum. We will see that
the shapes of these two power spectra are rather differ-
ent, so we will focus on the velocity-induced fluctuations
for the rest of this work.
Fig. 2 shows the 21-cm temperature at z = 17, where
higher velocities provide less cooling (as the interaction
rate is suppressed), and thus cause a shallower absorption
in T21. Additionally, low relative velocities yield very
similar temperatures, as the motion is dominated by the
thermal velocity—which after z ∼ 150 is roughly half
of the (undamped) DM-baryon rms velocity. We also
show the PDF of the χ-b velocity (including the effect of
damping prior to recombination), as well as the inferred
PDF for T21 for each of the cases. This last PDF is
clearly not Gaussian, and presents a peak at a minimum
temperature Tmin21 = T21(v
(i)
χb = 0), and a tail extending
to larger values. Moreover, the width of this PDF (and
thus the amplitude of the 21-cm fluctuations) grows for
larger values of fdm, even for similar averaged T21, as
expected.
We now find the 21-cm fluctuations for different val-
ues of the fraction fdm of charged dark matter, again
fixing the charge to fit the EDGES data as in Ref. [6].
Given the 21-cm temperature T21(vχb), we can compute
its correlation function as [36]
〈T21(0)T21(x)〉 =
∫
d3v0d
3vxP(v0,vx)T21(v0)T21(vx),
(7)
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FIG. 2: The 21-cm brightness temperature at z = 17,
assuming negligible X-ray heating and full Lyman-α cou-
pling, as a function of the (initial) χ-baryon relative ve-
locity at z = zkin. The red, orange, and green lines
correspond to fdm = {0.1, 0.03, 0.01}, with charges
/mχ = {0.8, 2, 5}×10−7 MeV−1 (andmχ  6fdm GeV),
respectively. Dashed horizontal lines represent the sky-
averaged T21, and we show the (unnormalized) PDFs of
the relative velocity (upper panel) and 21-cm temper-
ature (right panel) for each value of fdm. The dotted
vertical line represents the value of the relative velocity
that would be subthermal at z ≤ 150, in the absence of
interactions.
where v0 and vx are the relative velocities at the ori-
gin and at position x, and P(v0,vx) is their joint PDF,
given by a six-dimensional Gaussian [36, 38]. This dis-
tribution encodes the correlations between the parallel
and perpendicular components of the velocity at differ-
ent points, given by [36, 38]
ψ||(x) =
1
v2rms
∫
d3k
(2pi)3
Pv(k) [j0(kx)− 2j2(kx)] , (8a)
ψ⊥(x) =
1
v2rms
∫
d3k
(2pi)3
Pv(k) [j0(kx) + j2(kx)] , (8b)
where j` are the spherical Bessel functions of the first
kind, and Pv(k) is computed for each fdm as in Fig. 1.
The two-point function of 21-cm fluctuations is then
found as ξT21(x) = 〈T21(0)T21(x)〉 / 〈T21〉2−1, from where
we obtain the sought-after power spectrum of 21-cm fluc-
tuations to be
PT21(k) = (4pi) 〈T21〉2
∫ ∞
0
dxx2ξT21(x)j0(kx). (9)
For convenience we define the amplitude of 21-cm per-
turbations as ∆2T21(k) = k
3PT21(k)/(2pi
2).
We show the resulting ∆2T21(k) at z = 17 in Fig. 3,
along with the standard “out-of-the-box” output from
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FIG. 3: Amplitude of the 21-cm temperature power
spectrum as a function of k, at zref = 17. Solid colored
line represent the total power spectrum for each value of
fdm, obtained by linearly adding the standard contribu-
tion from 21cmFAST (in dashed purple), and the contri-
bution from charged DM, with charges given by Eq. (3),
in (dash-dotted lines). The dotted lines show the approx-
imation of Eq. (10), for each charged-DM case.
21cmFAST, shown for illustrative purposes only. We
find, in all cases, a strong acoustic signature in the
DM-induced 21-cm fluctuations, peaking at k ∼ 0.1
Mpc−1 and decaying for larger and smaller wavenum-
bers. This is to be compared with the standard pre-
diction from 21cmFAST, which does not show important
acoustic oscillations. It is in this sense that charged
DM produces unique anisotropies, always tracing ∆2v2 ≡
k3Pv2(k)/(2pi
2) (i.e., the amplitude of fluctuations of
v2χ,b), which cannot be easily mimicked by any param-
eter combination within 21cmFAST.
In order to develop some analytical understanding of
our result, we follow Ref. [36] in writing the approximate
relation
∆2T21(k, z) ≈ b2T21(z)∆2v2(k), (10)
where the effective bias bT21 is defined through
b2T21 =
〈
T 221
〉− 〈T21〉2〈
v4χb
〉
− v4rms
, (11)
where ∆2v2 and vrms are evaluated for each fdm at z =
zkin. We show this approximation in Fig. 3, where it
is evident that it is, in fact, close to the full calcu-
lation at all scales in the problem and, thus, that it
provides a universal fit to the fluctuations induced by
charged DM. We find the 21-cm rms fluctuations at
any redshift simply as T rms21 (z) = bT21(z) v
2
rms, which
for fractions fdm = {0.1, 0.03, 0.02, 0.01}, yields T rms21 =
{110, 30, 16, 3} mK at z = 17. Additionally, we find
that the effective bias function can be approximated as
bT21(z) ≈ 4.4 mK km−2 s2 f4/3dm [18/(1 + z)]2.
We have, thus far, focused on the 21-cm fluctuations in-
duced by the velocity-dependent cooling of the baryons,
as we argued they follow relative-velocity fluctuations,
and thus have a unique shape. Nonetheless, there are
known astrophysical effects that can imprint ∆2v2 in
the 21-cm fluctuations during cosmic dawn. Chiefly,
there is a velocity-dependent suppression in the abun-
dance [21, 39] and gas content [36, 40] of small haloes, as
well as in their star-formation efficiency [41–43]. These
effects cause 21-cm fluctuations that depend on the value
of the total DM-baryon velocity vdb, which does not suf-
fer significant damping. At high redshifts, anisotropic
Lyman-α pumping was estimated to cause a 21-cm rms
temperature of ∼ 2 mK [36], whereas at lower red-
shifts 21-cm fluctuations can also be sourced by inhomo-
geneities in the X-ray emission—and thus gas heating—
with a total estimated amplitude of 10 mK [44]. We note,
however, that our calculations show that for fdm & 0.02
the 21-cm fluctuations induced by charged dark mat-
ter are larger than any of these effects, and and would
dominate the signal at large scales (although of course
not at smaller scales, where relative velocities are co-
herent). Additionally, any velocity-induced fluctuations
in xα would only increase the size of the signal we cal-
culate, as a high relative velocity produces both fewer
stars (and thus fewer Lyman-α photons) and less cool-
ing, resulting in an overall shallower 21-cm absorption,
which shows that the two effects act in the same direc-
tion. For comparison, we estimate that for fdm = 1, the
charges that can explain the EDGES signal also produce
21-cm fluctuations with T rms21 ≈ 500 mK, in agreement
with the simulations of Ref. [45], which would be easily
observable with radio interferometers [46]. Nonetheless,
the fdm = 1 case is excluded jointly by stellar-cooling
constraints, fifth-force experiments, and Galactic consid-
erations [6, 47].
We will now estimate the observability of the sig-
nal with two upcoming 21-cm interferometers, LOFAR1
and HERA2, and calculate their sensitivity following
Ref. [48]. For LOFAR, we take the NL Inner con-
figuration of the LBA [49]. For HERA we consider
the 320-antenna core, with a total collecting area of
Acoll = 49260 m
2 [50], which we take to be frequency
independent. For both arrays we assume a sky cov-
erage of 1440 deg2, as that is the HERA field, corre-
sponding to fsky ≈ 3.5%, as well as a system temper-
ature Tsys(ν) = 100 + 120(ν/150 MHz)
−2.55 K [50–52],
and an observation time of 1080 hrs (45 days). We will
estimate sensitivities for fdm as low as 1%, as it might
be possible to distinguish DM-induced cooling from as-
trophysical effects, since perturbations in the Lyman-α
pumping would show suppression at larger scales than
cooling [36], and would be most important at early times;
1 http://www.lofar.org/
2 http://reionization.org/
5whereas anisotropies in X-ray heating dominate at later
times [44, 53], and their velocity dependence is subdom-
inant if strong feedback is present [54].
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FIG. 4: Amplitude of the 21-cm temperature power
spectrum induced by different fractions of charged DM,
with charges given by Eq. (3), as a function of redshift,
at a reference scale kref = 0.2h Mpc
−1. We shade out
the regions z > 20, due to the inefficient Lyman-α cou-
pling, and z < 17, where X-ray heating is expected to be
important. We also show the sensitivity of HERA and
LOFAR with 1080 hrs of observation, as black lines.
In Fig. 4 we show, as a function of redshift, the am-
plitude of the 21-cm fluctuations sourced by charged
DM at k = 0.2hMpc−1 for different values of fdm, as
well as the LOFAR and HERA instrumental noises. We
do not include any other source of fluctuations to re-
main conservative, as those are not unique to charged
DM. If desired, they can be linearly added to the am-
plitude shown in Fig. 4. From a simplistic signal-to-
noise ratio (SNR) analysis we find that, integrating over
scales 0.15hMpc−1 < k < 0.5hMpc−1 to simulate fore-
ground removal [55], and considering the redshift range
z = 17 to 18, LOFAR and HERA should be sensitive to
fdm ≥ 0.02 with SNRs larger than 15 and 150, respec-
tively, and HERA would probe down to fdm = 0.01 with
a SNR of 10, although we emphasize that separation from
other velocity-dependent astrophysical sources of 21-cm
fluctuations might be required for any detection below
fdm < 0.02.
In summary, we have computed, for the first time,
the 21-cm fluctuations induced by partially charged dark
matter, with the necessary charges to explain the EDGES
detection [5, 6]. We have shown that, in all cases, the in-
duced 21-cm fluctuations approximately trace ∆2v2 , with
an amplitude growing with the fraction fdm of charged
DM. Since other sources of anisotropies are uncorrelated
with these fluctuations, one can probe charged DM by
simply searching for a nonzero ∆2v2 in 21-cm data. We
find that for fractions of charged dark matter above a per-
cent these fluctuations are within the reach of interferom-
eters such as HERA and LOFAR. Therefore, these exper-
iments will be sensitive to even small traces of charged
dark matter at cosmic dawn and, thus, will confirm or
severely constrain whether we have detected interactions
of dark matter with baryons.
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